A GROWING NUMBER of articles purport to demonstrate the importance of oxygen free radicals in a variety of pathophysiologic processes, including injury due to radiation, inflammation, and oxygen toxicity. The purpose of this essay is to examine the hypothesis that activated oxygen species may play a role in the extension of myocardial injury due to ischemia followed by reperfusion.
During perfusion of the isolated heart with an hypoxic buffer solution, the myocardial concentrations of SOD, glutathione peroxidase, and reduced glutathione decrease. Malondialdehyde, which is a byproduct of lipid peroxidation, remains unchanged during hypoxia, but increases significantly upon reoxygenation. ' The timing of the biochemical changes suggests that depletion of free-radical scavengers during hypoxia enhances the induction of lipid peroxidation by oxygen metabolites coincident with the reintroduction of molecular oxygen. Assays for malondialdehyde, however, are not specific for free radical-mediated injury, and the nonischemic conditions of hypoxia and hyperoxia may not be applicable to ischemia and reperfusion of the blood-perfused heart.
To more closely simulate physiologic conditions, Shlafer et al. 2 examined the role of oxygen free radicals in the loss of mechanical function after ischemia and reperfusion of parabiotically perfused, isolated cat hearts. Supplementation of the cardioplegic solution with a combination of SOD and CAT significantly improved postreperfusion ventricular pressure development, maximal dP/dt, rate-pressure product, and coronary blood flow. The results suggest that one component of the cardiac damage sustained during global ischemia and reperfusion may involve injury caused by oxygen free radicals.
Recently, Myers et al. 3 reported the effect of treatment with SOD and CAT on recovery of myocardial function after a brief period of regional ischemia in the canine heart. After release of a 15 min occlusion of the left anterior descending coronary artery, there was a greater return of systolic wall thickening during 2 hr of reperfusion in animals treated with SOD and CAT as compared with that in untreated control animals. Although a longer duration of reperfusion would be desirable to determine whether the differences persist, the results suggest that oxygen free radicals may contrib-1 NO 1 1986 ute to the pathogenesis of postischemic contractile dysfunction referred to as myocardial "stunning."
Studies in vitro of isolated myocardial organelles indirectly support the evidence in vivo that oxygen free radicals may underlie the contractile abnormalities observed after temporary global or regional ischemia. For example, Hess et al.4 measured the effect of changes in pH on calcium uptake velocity by sarcoplasmic reticulum in canine whole heart homogenates. The addition of SOD partially reversed the depressive action of transient acidosis on calcium uptake, suggesting that endogenously produced superoxide anions inhibited calcium transport. Otani et al.5 studied the effect of oxygen on ATP generation by mitochondria isolated from globally ischemic rabbit hearts. Incubation of mitochondria with SOD and CAT enhanced ATP production during aerobic respiration, and suppressed the appearance of the hydroxyl radical signal detected with electron-spin resonance spectroscopy.
In addition to mitochondria and the sarcoplasmic reticulum, at least three other loci of oxygen radical production may be operative within the reperfused ischemic myocardium. First, activated phospholipases may degrade cell membrane phospholipids, releasing arachidonic acid that can accelerate synthesis of freeradical intermediates by the cyclooxygenase and lipoxygenase pathways. Second, ischemia leads to the conversion of xanthine dehydrogenase, which reduces NAD to NADH, to xanthine oxidase.' The latter enzyme reduces oxygen to superoxide anion and/or hydrogen peroxide. Ischemia also results in catabolism of ATP, leading to a further accumulation of hypoxanthine, to serve as substrate for xanthine oxidase. Restoration of physiologic concentrations of oxygen during reperfusion may therefore facilitate the formation of oxygen free radicals via the oxidation of hypoxanthine by xanthine oxidase. Finally, myocardial ischemia triggers activation of the complement system and generation of chemotactic factors. Consequently, neutrophils accumulate within the previously ischemic myocardium during reperfusion and may damage viable tissue through their ability to form oxygen free radicals .'
In view of the various potential sources of oxygen free radicals within reperfused ischemic myocardium the primary sites of free radical-mediated damage are uncertain. Numerous studies in vitro have shown that oxygen free radicals can cause lethal injury to endothelial cells. Within the myocardium, endothelial cells of the vasculature rather than of the myocytes possess both xanthine oxidase activity and purine nucleoside phosphorylase activity. The latter enzyme catalyzes formation of the major xanthine oxidase substrate hypoxanthine. Therefore, oxidation of hypoxanthine by xanthine oxidase, with concomitant formation of superoxide anion, may be an important mechanism of vascular endothelial cell injury, but not a direct cause of myocyte death. Impaired vascular integrity, however, might ultimately jeopardize viable myocytes by permitting the development of interstitial edema and by altering regional myocardial blood flow. Although the role of xanthine oxidase in the development of myocardial edema is speculative, there is accumulating evidence that xanthine oxidase-derived oxygen radicals may constitute a primary cause of alterations in vascular permeability after ischemia and reperfusion of skeletal muscle8 and bowel.9 Previous studies of vascular changes during myocardial ischemia and reperfusion have demonstrated that infusion of mannitol during reflow reduces coronary vascular resistance and endothelial swelling.'0 Although the actions of mannitol have been attributed to osmolar effects, it is also a scavenger of hydroxyl radicals, which may be an important mediator of tissue injury. The hydroxyl radical can be derived from activated neutrophils and from xanthine oxidase known to be localized in the endothelial cells of the coronary vasculature.
Another possible mechanism of free radical-dependent vascular injury may be the synthesis of freeradical intermediates during metabolism of arachidonic acid. In a recent review, Kontos" described a series of studies that implicate superoxide anion generation by cyclooxygenase in the functional and morphologic abnormalities observed in cerebral arterioles after experimental acute hypertension. Treatment with free-radical scavengers or indomethacin, an inhibitor of cyclooxygenase, prevented the vascular derangements induced by hypertension."1 Although indomethacin does not limit the extent of experimentally induced ischemic myocardial injury,'2 the role of cyclooxygenase activity in the evolution of myocardial injury requires further study.
Finally, neutrophils accumulate in the vascular space of reperfused ischemic myocardium, where they may adhere to the endothelium and release oxygen free radicals.7 Although there are multiple stimuli for neutrophil migration, one chemoattractant may arise from the interaction of plasma lipids with oxygen free radicals derived from the activity of cyclooxygenase or xanthine oxidase on their respective substrates. The consequences of neutrophil accumulation within reperfused ischemic tissue are an area of active investigation. Engler et al. 7 have proposed that capillary plugging by leukocytes contributes to the occurrence of "no 2 CIRCULATION reflow" after reperfusion of ischemic myocardial tissue. Neutrophils and other sources of oxygen radicals may also have direct effects on reversibly injured mypcytes during reperfusion of the ischemic myocardium. Depletion of neutrophils by administration of hydroxy-urea12 or neutrophil antiserum'3 has been found to limit the extent of canine myocardial injury after temporary coronary artery occlusion. Although myocardial salvage was not attributable to hemodynamic effects, neither study used radioactive microspheres to assess differences in baseline collateral blood flow, an important determinant of ischemic myocardial necrosis. Also, the extent to which neutrophil-mediated myocardial damage is due to leukotrienes and lysosomal enzymes, rather than oxygen radicals, remains uncertain. More direct evidence of oxygen radical-induced myocardial damage is derived from the observation that treatment with SOD6' 1 ' reduces the amount of myocardial injury in an occlusion-reperfusion preparation of canine myocardial ischemic injury. Earlier studies showed that myocardial salvage by SOD plus CAT was not dependent on treatment during the period of ischemia,'5 indicating that damage by oxygen radicals occurs primarily during the initial phase of reperfusion. Preliminary experiments performed in our laboratory show that there is a lack of correlation between infarct size and collateral blood flow after a 90 min coronary occlusion in SOD-treated dogs, suggesting that much of the myocardial injury in response to a 90 min period of ischemia is related to reperfusion damage rather than to the damage resulting from the brief ischemic interval.
The concept of free radical-mediated tissue injury stimulated renewed interest in the potential benefits to be derived from allopurinol 'or other inhibitors of xanthine oxidase on reperfused ischemic tissue. Paller et al.'6 found that renal dysfunction after 60 min of renal artery occlusion in rats was reduced by infusion of SOD or pretreatment with allopurinol. Allopurinol pretreatment in the dog also enhanced the recovery of left ventricular function after 60 min of global myocardial ischemia and 45 min of reperfusion. '7 The effect of allopurinol on canine infarct size has been reevaluated by several laboratories. Chambers et al.6 measured infarct size in anesthetized dogs subjected to occlusion of the left anterior descending coronary artery for 1 hr followed by reperfusion for 4 hr. Animals pretreated with allopurinol 24 hr before the induction of regional myocardial ischemia had significantly smaller infarcts than the nontreated control group. Experiments performed in our laboratory showed that a Vol. 74, No. 1, July 1986 similar dosing schedule with allopurinol was asspciated with a 40% reduction in the mean infarct size after an ischemic interval of 90 min induced by occlusion of the circumflex coronary artery followed by 6 hr of reperfusion.'8 Reimer and Jennings,'9 however, recently reported that allopurinol did not limit infarct size in the canine heart when the extent of tissue injury was quantitated 4 days after a 40 min period of ischemia followed by reperfusion.
The differing results may imply that inhibition of xanthine oxidase can only delay the death of cells ultimately destined for necrosis. There are, however, alternative explanations for the different study outcomes. For example, treatment with allopurinol begun 24 hr before coronary artery occlusion protected rats against both ischemia-induced and reperfusion-induced arrhythmias.20 The prevalence of ventricular fibrillation with occlusion in allopurinol-treated animals was significantly less than that in the control group in our study,'8 whereas Reimer and Jennings'9 reported that one of 18 control and four of 16 allopurinol-treated dogs developed ventricular fibrillation during the 40 min interval of regional ischemia. The failure to observe an antiarrhythmic effect in the latter study may reflect incomplete inhibition of xanthine oxidase due to an insufficient duration of pretreatment to allow metabolism of allopurinol, a competitive inhibitor of xanthine oxidase, to alloxanthine, a noncompetitive inhibitor of enzyme activity. On the other hand, the difference in the observed frequency of ventricular fibrillation with occlusion may be a consequence of the differences in the severity of ischemia due to dissimilarities in collateral blood flow, which were not determined in the control animals in our study and not reported for the animals with fatal arrhythmias in the study by Reimer and Jennings. 19 An additional consideration is that the rate of conversion of xanthine dehydrogenase to xanthine oxidase is unknown, and may be less after 40 min of ischemia than after 90 min of coronary occlusion.
Many other questions remain to be answered and should prove a fertile basis for future research. For example, studies in vitro suggest that the hydroxyl radical may be the oxygen species primarily responsible for tissue damage and may result from the reduction of molecular oxygen via the action of xanthine oxidase and/or from neutrophils that accumulate in the ischemic/reperfused myocardium. The relative abilities of SOD and CAT to prevent formation of hydroxyl radical are unclear, and their respective efficacies against reperfusion injury appear to depend on the experimental conditions employed. Treatment with SOD, but not CAT, reduced regional ischemic/reperfusion myocardial injury in dogs'4 and ischemic renal injury in rats. 16 In other experimental preparations, however, CAT has been shown to provide superior protection against injury compared with SOD. The ultimate resolution of this question would be aided by the development of techniques suitable for the differential measurement of the various oxygen species under conditions in vivo with and without the appropriate scavenging agents.
Application of the basic observations discussed in this review to the clinical setting should ultimately involve a variety of cardiovascular disorders. One logical place to begin clinical investigation may be in the cardiac catheterization laboratory, in patients with unstable angina or evolving myocardial infarction who could receive an intracoronary or intravenous infusion of a free-radical scavenger, e.g., SOD, before undergoing thrombolysis, angioplasty, or coronary artery bypass surgery. Small pilot studies would be unlikely to detect influences of therapy on mortality, but could examine effects on regional wall motion or infarct expansion. An additional investigative approach worth pursuing is the use of free-radical scavengers to supplement cardioplegic solutions during cardiopulmonary bypass.
Based on results of experimental studies, the selected regimen should have "broad spectrum" activity against multiple potential sources of free radicals. Treatment with allopurinol may only prevent xanthine oxidase-mediated free-radical formation localized mainly to the endothelial cells. Administration of a lipoxygenase inhibitor or prostacyclin or one of its stable analogs during reperfusion limits experimental myocardial injury,'2 but may only suppress neutrophilderived free-radical production and tissue damage associated with leukocyte-mediated cytotoxicity. Whether SOD protects tissue against both the xanthine oxidase and neutrophil-generated oxygen species is unclear. Also, the degree to which mannitol's effect on tissue injury is due to scavenging of hydroxyl radicals is not known. The most effective approach may be to use a combination of agents. For example, it has been demonstrated that an additive effect on myocardial salvage can be achieved when neutrophil depletion is combined with an infusion of mercaptopropionyl glycine, a sulfhydryl compound that may exert an intracellular free radical-scavenging action.2' Since the cytotoxic effects mediated by activated polymorphonuclear neutrophils occur extracellularly, the added protection exerted by the addition of mercaptopropionyl glycine provides circumstantial evidence to support the concept that free radical-mediated tissue injury can result from both extracellular and intracellular biochemical mechanisms that lead to the partial reduction of molecular oxygen. Therefore, it is to be anticipated that a number of diverse pharmacologic interventions acting on different cellular biochemical mechanisms may prove to be effective in protecting the ischemic/reperfused myocardium from undergoing extensive cellular injury.
Increasing numbers of patients with myocardial ischemia are managed with the use of thrombolytic agents, coronary angioplasty, and coronary artery bypass surgery. Cardiac and renal transplant procedures also are becoming more frequent. Consequently, there is a growing need to understand the structural and functional events ensuing after reperfusion of ischemic tissue. The pathophysiology of reperfusion injury is undoubtedly multifactorial, involving calcium overload, altered adenine nucleotide metabolism, and impaired cell volume regulation.'0 We anticipate, however, that further research will support the hypothesis that oxygen free radicals play an important role in the genesis of postischemic tissue injury. The challenge will be to gain a greater understanding of the molecular basis of reperfusion injury and thereby develop therapeutic strategies for its prevention.
